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I. INTRODUCTION
The natural circulation will form when the flow is driven by the fluid temperature difference or density difference between heat sink and heat source in a closed-loop. The natural circulation ability has a significant influence on the inherent safety and operating performance of nuclear power plant (NPP), especially for the ship NPP. As one of the most important heat exchangers, the vertically inverted U-tube steam generator (UTSG) plays an important role in the safe operation of the NPP. According to the existing literature, the flow in the tubes of UTSG can be unstable and reverse flow will occur inside some U-tubes under a low flow rate condition. Because the reverse flow will reduce the pressure drop between the inlet and exit plenum, which leads to the decrease of mass flow velocity（MFV） and the increase of flow resistance, it has a negative effect on the operating safety of nuclear power plant (NPP). It is very necessary to analyze the reverse flow characteristic in the SG operated under natural circulation.
Based on the large-scale full height simulator of Westinghouse-type pressurized water reactor, Kukita et al. carried out the experimental study on the flow instability in U-tubes, and found that the mass flow distribution among the SG U-tubes was observably non-uniform [1] . Based on one-dimensional Oberbeck-Boussinesq equation, Sanders proposed a mathematical model of single-phase flow to investigate the reverse flow phenomenon [2] . Jeong et al. also set up a reverse flow model and analyzed the two and single phase flow characteristic inside a vertically inverted U-tube SG [3] . Sanders and Jeong et al. respectively obtained a relationship curve between the mass flow velocity (MFV) and pressure drop (PD) by using this flow model. They found that the relationship curve had a negative slope zone, and the reverse flow would occur in a low flow rate case while the system operated at the negative slope zone.
Yang et al. proposed the mathematical model to investigate the reverse flow inside UTSG U-tubes. They assumed that the reverse flow occurred inside the longer U-tube [4] . Zhang et al. also analyzed the flow rate distribution inside a UTSG in the low flow rate case by the CFD method. They pointed out that the reverse flow occurred inside the shorter U-tube [5] . Using the code Relap/Mod3.3, Hao et al. analyzed the natural circulation of single-phase flow for PWR by classifying U-tubes according to their length [6] . They shown that the relationship between the characteristic pressure drop (CPD) and the length of U-Tube was nonlinear when the reverse flow happened, and there existed a length of U-Tube which had the largest CPD [7, 8] . In the present work, a flow model is deduced from the conservation equations by using Oberbeck-Boussinesq approximation to investigate the effect of tube inner diameter on reverse flow.
II. THE THEORETICAL MODEL
Consider the fluid flow in the UTSG, as shown in Fig.1 , one-dimensional Oberbeck-Boussinesq equation is employed, namely the fluid density difference is constant except in the gravity pressure drop. However, if the fluid temperature difference in the UTSG is large enough, the density difference should not be considered as a constant in the analysis.
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The dominant equations in the UTSG are given as follows [9] :
where, ρ is the density; t is the time; v is the velocity; l is the coordinate along the U-tube length; p is the pressure; f is the flow frictional coefficient; Di is the tube inner diameter; g is the gravitational acceleration; signs "+" and "-" in Eq. (2) represent the falling (cold) leg and the rising (hot) leg in the U-tubes, respectively; cp is the specific heat; T is the temperature; P is the wetted perimeter; Tsec is the secondary side temperature of UTSG. A is the flow area; h is the total heat transfer coefficient between the primary and secondary side fluid, which can be expressed as follows:
where, αi and αo are the inside and outside surface heat transfer coefficient of the tube respectively; kw is the heat conductivity of the tube of tube, and Do is the outside diameter of the tube.
According to Eq.(1), in the steady-state case, the mass flow velocity (G=ρv) in inverted U-tubes is constant at any time. Because the fluid density changes along the U-tube, the flow velocity along the U-tube cannot be considered as a constant, and the flow model established by Sanders(1988) is limited. So it is necessary to improve the mathematical model. According to Boussinesq approximation, the density ρ=ρ(T) can be expressed as follows:
where, ρ0 is the fluid density under the temperature Tsec and operating pressure, β is the thermal expansion coefficient.
For the steady-state condition, ∂T/∂t=0. Then the temperature distribution along the U-tube length can be derived from Eq. (3) as follows:
where, Tin is the inlet temperature; δ is the U-tube thickness; G is the mass flow velocity; Combining Eqs. (2), (5) and (6) and integrating it, the PD between the outlet and inlet plenum is obtained as follows:
where, L is the tube length. The first and second terms in the right side of Eq. (7) are the frictional and gravitational PD, respectively.
III. ANALYSIS OF REVERSE FLOW
A type of marine UTSG is chosen, which has the same outer and inner diameter and length of U-tube straight segment as well as component material. In order to discuss the effect of tube inner diameter on the flow instability, the inner diameter is set to (10~25mm). Fig.2 shows that the temperature along the U-tube length decreases exponentially, and temperature drop mainly occurs in the hot leg. So the average fluid density in cold leg is greater than that in hot leg. In addition, because of the insufficient heat exchanging between the primary and secondary side fluid, the average density in the hot and cold leg will decrease while the mass flow velocity increases, as indicated in Fig.3 , which results in the decrease of gravitational pressure drop. Fig.4 gives the variation of pressure drop versus mass flow velocity, which shows that the frictional pressure drop increases non-linearly, and the total pressure drop ∆p is the non-monotonic function of mass flow velocity. From Fig.4 it is also be found that even under the condition of negative total pressure drop a stable normal flow will be retained until the point A is approached. However, after the point A the further decrease of total pressure drop will leads to a flow instability that the normal flow transfers to the reverse flow suddenly [3] . The point A is called the characteristic point and notes the operating condition that the reverse flow will happen in the UTSG, which corresponds to the characteristic mass flow velocity (CMFV) and characteristic pressure drop (CPD).
The effect of inner diameter on the reverse flow inside U-tubes may be obtained by analyzing the CMFV and CPD for the given physic performance and other configuration parameters, as shown in Figs.5 and 6. Fig.5 shows that the CPD decreases non-linearly with the increase of U-tube inner diameter. And Fig.6 shows that the CMFV increases to a largest value, and then decreases with the increase of U-tube inner diameter. While the PD between the exit and inlet plenum persistently decreases, it will firstly reach the CPD in the U-tube with smaller inner diameter, so the reverse flow will firstly happen inside the U-tube of steam generator with smaller inner diameter. 
IV. CONCLUSIONS
The heat transfer and hydraulic model of turbulent flow in U-tubes are investigated and improved. The effects of inner diameter of U-tube on the reverse flow are analyzed. There exists a point A, after which the further decrease of pressure drop will lead to a flow instability that the flow transfers from a normal to a reverse direction suddenly. The results show that the U-tube inner diameter influences the reverse flow. The characteristic pressure drop decreases non-linearly versus the increase of inner diameter of U-tube. And the variation curve of characteristic mass flow velocity with U-tube inner diameter has a maximum. For the same mass flow velocity the pressure drop with smaller inner diameter is always larger than that with larger inner diameter. Under the same other conditions the reverse flow will happen more easily inside the U-tubes of steam generator with smaller inner diameter.
